SUMMARY
INTRODUCTION
The nowadays ubiquitous wireless communication systems have increased the public concern regarding a possible radiation hazard. As the established biological effect of high frequency (HF) electromagnetic (EM) fields is heating of the tissue, the HF exposure assessment is based on the calculation of specific absorption rate (SAR) and related temperature increase in the tissue. This is of particular interest in the case of the exposed human eye and the brain, respectively, since a direct measurement of these quantities in live subjects is rather difficult, if possible at all.
Hence, the computational methods and their related numerical solutions have become the necessary tools in this exposure assessment [1] - [3] . Computational models used for this particular assessment can be classified as either realistic models of the body (or particular organs) mostly based on magnetic resonance imaging (MRI), e.g. [4] , or simplified models, computationally much less demanding but failing to provide accurate results in most of the exposure scenarios [5] .
Although the detailed models of the complete human body are readily available, e.g. [6] , [7] , modelling the complete human body puts a significant burden on the preparation of the computational model and increases the requirements for the computational resources. Moreover, in some cases, especially when the initial assessment is considered, only the particular organ or certain body parts are required.
The choice of when to use the single-organ model or the more complete body model is neither straightforward nor simple. This paper presents a comparison of the results between the single-organ model (termed in this paper as "extracted" or "single-eye model") and the same model of the eye incorporated in the detailed human head model (termed as "compound eye model") exposed to high frequency electromagnetic radiation.
The paper is organised as follows. In the first part, the description of the extracted and the compound eye models, respectively, is given. This is followed by the description of the electromagnetic model based on the hybrid finite element method/boundary element method (FEM/BEM) formulation, and the thermal dosimetry model solved by means of the finite element method [8] . The numerical results for the induced electric field, the specific absorption rate (SAR), and the temperature increase in the two eye models due to the EM plane wave of 1 GHz are presented in the following section. The conclusion is provided in the final part.
THEORETICAL BACKGROUND

EXTRACTED (SINGLE) EYE MODEL
Human eye is a delicate organ consisting of many fine parts, each performing diverse important functions. Hence, a detailed model of the human eye is very important to account for such small but important subtleties. The cross-section of the human eye displaying its parts is shown in Figure 1 . Magnetic resonance imaging (MRI) is a radiology technique that can rather accurately capture the details of the human anatomy, however, the spatial resolution of MRI is not accurate enough to capture the fine geometrical details of the human eye. According to some recent studies, ultra-high resolution 7T MRI techniques were able to capture spatial anatomical data with isotropic resolutions of 0.6 mm and 0.7 mm [9] , whereas [10] reported spatial resolutions of 0.5x0.5x0.6 mm 3 . To the best of our knowledge, the most accurate MRI scans were performed by using 9.4T magnet [11] achieving voxel volumes of about 0.13x0.13x0.8 mm 3 .
However, in order to capture the fine details of the eye tissues such as choroid, retina, iris, etc., a much finer resolution is required. It is estimated that in order to have at least several layers of MRI voxels in the retina, we would need spatial MRI resolution of about 30x30x30 μm 3 or less, otherwise the resulting boundary surfaces would become stair-cased.
Therefore, a detailed geometrical model of the human eye -here referred to as the extracted (single) eye model -has been developed from the available MRI scans, as well as from various medical measurements data. The details of our constructed eye model are reported elsewhere [12] .
The extracted eye model consists of 16 various tissues, whose parameters are presented in Table 1 . The frequency-dependent dielectric parameters (electrical conductivity σ and relative permittivity εr are modelled by using the 4-Cole-Cole method [13] . The last parameter in Table  1 refers to the tissue mass density ρ. The lens is modelled by using five layers (Layers I-V), according to the Gradient Refraction Index (GRIN) model [14] , [15] .
The boundary surface of the eye model is discretised by using 7.986 triangular elements, while the interior domain of the eye is discretised by using 415.429 tetrahedral elements.
COMPOUND EYE MODEL
The extracted eye model developed in the previous section is included in the model of the human head composed of various head tissues as shown in Figure 2 . This model is referred to as the compound eye model.
Fig. 2 Model of the human head a), and the overlay depicting various head tissues b), surrounding the compound eye model
The model of the human head was constructed from the MRI of a 24-year old male [16] . The current implementation of the model is implemented by using 7 tissues in additional to 16 ocular tissues from extracted eye model. The head tissue parameters are also modelled by using the 4-Cole-Cole method [13] and are presented in Table 1 . The boundary surface of the complete head model is discretised by using 5.934 triangular elements, while the head inside is discretised by using 4.073.250 tetrahedral elements.
HYBRID FEM/BEM METHOD
Electromagnetic wave incident on the human eye or head can be treated as the unbounded scattering problem. By using the Stratton-Chu integral expression, the time harmonic electric field in the domain exterior to the head is expressed by the following boundary integral Eq. [8] , [17] :
where n is an outer normal to surface V ∂ bounding the volume V and α is the solid angle subtended at the observation point. where R is the distance from the observation point r r to the source point r' r , and k denotes the wave number.
Performing some manipulations, (1) can be specified in terms of tangential components of electric field E r and magnetic field H r on the boundary surface V ∂ :
Equation (3) is in the proper form pertinent for coupling to the governing differential equations of the interior inhomogeneous domain, given by:
The fields E r and H r are approximated by using the edge elements [18] preserving the tangential continuity of the fields on the boundary:
The unknown coefficients i e and i h , respectively, associated with each edge of the model, are determined from the global system of equations, while the coefficient i δ = 1 ± is equal to 1 depending on whether the direction of the local edge coincides with the chosen global edge direction.
Vector base function k w is given by [19] After the weighted residual approach is applied to (4), followed by the dot product of (4) with test function i w , and by using the Galerkin-Bubnov procedure, it ensues that:
After applying some standard vector identities, followed by the divergence theorem, the weak form is obtained:
Now FEM/BEM coupling can be employed by exploiting the fact that the tangential components of electric and magnetic fields must be continuous across the surface V ∂ . Because of the tangential continuity, it ensues that . Thus, it can be written: 
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Embedding (5) into (9) 
VERIFICATION OF ELECTROMAGNETIC MODEL
The electromagnetic model based on the hybrid formulation is verified by comparing it to the Mie series solution of the radar cross-section (RCS) computations for the coated metallic sphere at the interior resonance frequency. The validity of this approach was also shown in the previous research [8] , [17] , [20] , [21] , whereas it is repeated here for the reader's convenience.
This verification is of particular interest due to the following: a) the material properties change inside the sphere, and b) some research papers show significant errors at the interior resonance frequency [22] , [23] .
The RCS of the coated metallic sphere at 300 MHz, corresponding to the interior resonance frequency, is shown in Figure 3 . The comparison of the FEM/BEM results with the analytical solution, obtained by using the Mie theory [23] , showed excellent agreement, as shown in Figure 3 .
Fig. 3 Bistatic RCS of a metallic sphere coated with dielectric layer of εr=4 at the resonant frequency of 300
MHz. Comparison of hybrid FEM/BEM formulation and analytical Mie theory based solution from [23]
THERMAL DOSIMETRY MODEL
The temperature distribution in the human eye can be determined numerically by using the stationary form of the Pennes' bioheat equation [24] :
where the heat generated due to metabolic processes is given by m Q , b W and b c refer to the volumetric perfusion rate and the specific heat capacity of blood, respectively, λ is the thermal conductivity of the tissue, and a T is the arterial blood temperature. Thermal parameters of the eye and human head tissues are given in Table 1 . The last term in (12) is the heat generated from the absorbed energy due to the EM wave in the biological tissue, and can be calculated from:
where ρ is the tissue density given in Table 1 . The specific absorption rate (SAR) is readily found by using:
where σ is the tissue electrical conductivity and E r is the induced electric field obtained by using the electromagnetic model.
In case when no incident EM field is present, the term ext Q must be omitted from (12) .
Equation (12) is supplemented by the Neumann boundary condition imposed on the boundary surface of the model: The forced convection, and the heat loss due to radiation, respectively, can be neglected. The bioheat Eq. (12) can be solved by using the finite element method (FEM) based on the weighted residual approach. The approximate solution of (12) is expanded in terms of the known basis functions and the unknown coefficients. After multiplying (12) by a set of weighting functions and integrating over the domain, after some work, the suitable expression for the finite element method is obtained:
Implementing the Galerkin-Bubnov procedure, followed by the standard finite element discretisation of (16) 
respectively.
By solving (18)- (20) for each N element, the global matrix is assembled from the contribution of the local finite element matrices, while the global flux and the source vectors are assembled from the local flux and the local source vectors, respectively:
The solution to (21) represents the temperature at the tetrahedral nodes used to discretise the problem domain.
NUMERICAL RESULTS
The numerical results obtained by using the hybrid FEM/BEM formulation for the electric field, the specific absorption rate (SAR) induced in the extracted and the compound model of the eye, and the corresponding temperature increase, respectively, are given in Figures 4-10 . The incident plane wave of 1 GHz frequency is vertically polarised and directed towards the corneal surface, perpendicular to the coronal head/eye cross-section. Figure 4 shows the results for the induced field on the transverse cross-sections of the extracted eye model, and the compound eye model, respectively, due to 1 GHz vertically polarised EM wave. Details on the electric field distribution along the eye visual axis are illustrated in Figure 5 , where the comparison between two models is given. Figure 5 shows a similar distribution of the induced electric field along the pupillary axis, although this may not be obvious from Figure 4 . Also, the results from Figure 4 show that the higher values of the induced electric field in the compound eye model, which are incorporated in the whole head model, are obtained in the superficial region of the eye, namely corneal and scleral region. More details on the electric field distribution on the surface of both eye models can be found in Figure 6 . This non-symmetric distribution of SAR in the compound eye model, contrary to the symmetrical distribution obtained in the extracted eye model, will result in a somewhat different distribution of SAR along the eye pupillary axis, as shown in Figure 8 . 
ELECTRIC FIELD
TEMPERATURE DISTRIBUTION
The final set of results is related to the temperature distribution in two eye models. Figures 9  and 10 show the results of the steady-state temperature in the eye, i.e. when no EM wave is incident, and the results of the corresponding temperature increase due to absorbed EM energy. Figure 9 shows the results on the horizontal axial slice of both models. A very similar temperature gradient is discernible from the cornea to the sclera in the steady-state case, although different maximum values are obtained. As the compound eye model is surrounded with other head tissues, the maximum temperature obtained in the scleral region is close to the body temperature. The extracted eye model, on the other hand, is surrounded with air set to an ambient temperature of 22°C, resulting in a considerably lower maximum temperature. The comparison of the steady-state temperature distribution along the visual axis of the extracted eye and the compound eye, respectively, can be seen in Figure 10 . The results of temperature increase when the eye is exposed to the incident plane EM wave are presented in Figures 9c) and d) and Figure 10 . Although both models obtained similar temperature gradients along the eye axis, as shown in Figure 10 , the compound eye model obtained more spread of temperature hot-spots in the horizontal direction along the axis of incidence. In the extracted eye model, the hot-spots formed in eye lens, whereas in the compound eye model the hot-spots formed in the cornea and lens region spreading also further to the vitreous region.
CONCLUSION
This paper presents the comparison of the induced electric field, the specific absorption rate, and the corresponding temperature increase in the extracted or the single eye model and the compound eye model incorporated in the detailed human head exposed to the high frequency electromagnetic radiation. The numerical results obtained by using the hybrid FEM/BEM formulation showed similar distributions of the induced electric field along the pupillary axis in both eye models. Although some discrepancy between the SAR distribution along the same axis was showed in the results for the two models, in general, similar values were reported, suggesting the usefulness of the extracted eye model in the initial assessment of the EM plane wave exposure. The thermal dosimetry model showed similar gradients of the eye temperature field for the steady-state case, although the compound eye model obtained higher values of the maximum temperature in the sclera due to the surrounding head tissue and the employed boundary conditions. The temperature distribution in the case of high frequency exposure, on the other hand, showed hot-spots forming in different tissues of extracted and compound models, respectively, suggesting that the extracted eye model should be used carefully when considering realistic thermal dosimetry scenario.
